ABSTRACT: Uncertainty of complete recovery of attached bacteria during extraction is a major problem in the enumeration of these microorganisms. Homogenization and ultrasonication are the most commonly used physical techniques of extraction, and each is used on the assumption that it gives maximum yield. Ultrasonication of formalin-fixed sandy sediments using an ultrasonication bath with a frequency range varying between 40 and 50 kHz, and with a power output simultaneously varying between 100 and 200 W, was more effective than homogenization at 23000 rpm. Ultrasonication destroyed many bacteria and, for the sediment under study, it was estimated that counts obtained after an optimum treatment of 2.5 min are corrected for inadequacies in the extraction process when multiplied by a factor of 1.44.
INTRODUCTION
One of the major problems in the enumeration of bacteria attached to sedimentary particles is the uncertainty of complete recovery of the bacteria by different extraction techniques. The sediments are usually manipulated physically, often in conjunction with chemical treatment. Shaking, shaking with glass beads, grinding, homogenization and ultrasonication are some of the physical techniques employed, the last 2 being most frequently used on the assumption that they give maximum yield. Dale (1974) stated that homogenization consistently yields higher numbers than other techniques, viz. ultrasonication, grinding and shaking by hand with glass beads. Meyer-Reil et al. (1978) showed that shaking by hand, the use of 'Tween' 80 and the use of 'Tween' 80 with flocculents gave 1 %, 4 % and 5 % respectively of the yield produced by homogenization. Montagna (1982) selected this technique basing his choice on the work of Dale (1974) and Meyer-Reil et al. (1978) . Weise and Rheinheimer (1978) conversely selected ultrasonication for the extraction of attached sedimentary bacteria on the basis of earlier investigations (Puleo et al., 1967; Stevenson, 1958; Williams and Slade, 1971; Zvyaginstev and Galkina, 1967) . Ultrasonication has also been used by other workers on O Inter-Research/Printed in F. R. Germany the assumption that it gives a maximum yield (Dye, 1979; Koop and Griffiths, 1982) .
The effectiveness of both homogenization and ultrasonication in extracting attached bacteria was tested in the present study.
MATERIALS AND METHODS
Sand was collected from surface sediments of a lagoon on the north coast of Natal, South Africa, at a water depth of 60 cm using perspex corers 15 cm long and with an inside diameter of 1.2 cm. Each sample was fixed with 1 rnl concentrated formalin which was evenly dispersed throughout the column by inserting a spinal needle to the base of the core and slowly injecting formalin into the sand as the needle was withdrawn. Samples were stored at 4 "C for analysis which was completed within 2 wk of sampling. Sufficient material was collected to establish suitable time intervals for treatment by homogenization and ultrasonication before the comparative tests were performed. Sterile (0.2 pm filtered) water to which had been added the surfactant 'Tween' 80 at a concentration of 1 X 10-4 % as recommended by Scheraga et al. (1979) was used for procedures such as rinsing, dilution and the preparation of the acridine orange dye mentioned below.
In the comparative tests a single sand sample was removed from a corer, placed in a conical flask and rinsed 10 times using 20 m1 water each time to remove all the interstitial bacteria. According to Anderson and Meadows (1969), 6 rinses are sufficient for this purpose. The sand was then divided into 2 portions for analysis of the recovery of attached bacteria by homogenization and sonication. To each of these subsamples 200 m1 water and 2 m1 concentrated formalin was added. Homogenization was performed using a Waring Blender BLE 14 Model llBL21 at 23 000 rpm. Foam produced by the technique after each treatment was allowed to dissipate, after which the sample was resuspended by swirling. Ultrasonication was performed using a Decon FSlOO ultrasonication bath which sweeps through a frequency range of 40 to 50 kHz and has a power output which varies simultaneously between 100 and 200 W. Aliquots of 5 m1
were removed for observation after each treatment by both homogenization and ultrasonication and were replenished with sterile water to maintain a constant sample volume.
Bacteria were filtered onto 0.2 pm Nuclepore filters and counts were performed using the AODC (acridine orange direct count) technique of Hobbie et al. (1977) . A sufficient number of organisms was counted to give a count of the mean +/-10 % at the 95 % confidence level according to Cassell's Graphical Method (Cassell, 1965) . The counts were corrected for errors introduced by volume adjustments made to the samples after each treatment.
After homogenization and ultrasonication times of 8 min and 5 min respectively, small portions of sand were removed from each of the subsamples and stained for microscopic observation by the hanging drop method (Frobisher et al., 1974) so that the effectiveness of each technique could be evaluated. The homogenized sample showed significantly greater numbers of bacteria still attached to the sedimentary particles (see 'Results and Discussion'). It was therefore washed again as described above to remove all the interstitial bacteria, 200 m1 sterile water was added, and the sample was subjected to ultrasonication to determine the additional effect of this treatment. The sand samples were then oven-dried at 60 "C for 48 h so that the number of bacteria per g dry weight could be calculated. Finally, the effect of ultrasonication on bacteria was determined. A bacterial suspension obtained by homogenization of a sand core for a period of 2 min, followed by filtration down to a pore size of 2.0 pm, was treated by ultrasonication for a number of intervals. This was repeated in the presence of ultrasonicated, washed and sterilized sand obtained from the same locality to determine whether the presence of sand had any effect on the results.
RESULTS AND DISCUSSION
Ultrasonication proved more effective in separating attached bacteria from sand particles than homogenization (Fig. 1) . Homogenization of the sand for a period of 8 min gave a yield of ca. 80 % of that produced by ultrasonication for 5 mini this difference was significant at the 5 % confidence level (Student's t-test). Subsequent ultrasonication of the homogenized sample increased the yield by ca. 10 % (Fig. 2) parison with the results obtained by ultrasonication for 5 rnin showed no significant difference at the 5 % confidence level, again using the Student's t-test. Homogenization has generally been applied for periods of between 5 and 10 rnin (Dale, 1974; MeyerReil, 1978; Montagna, 1982) and it was decided to terminate homogenization after 8 rnin as a maximum yield was obtained after this period in Montagna's (1982) experiments. In our experiments there was still a considerable yield at this stage. A further 6.5 min of homogenization would have been required for the yield to reach that obtained by the additional ultrasonication, assuming that the yleld would have continued at the rate measured during the last interval of homogenization. Montagna's final time interval which extended from 8 to 16 min resulted in a net reduction in bacterial numbers, and it is possible that an additional 6.5 min of homogenization would have had a similar effect in our experiments.
Direct observation of sand grains and their attached bacteria after 8 rnin of homogenization and 5 rnin of ultrasonication, revealed that the former still retained significant numbers of attached bacteria, while on the latter a very limited microbial population remained which became negligible after a further 4 rnin of ultrasonication. Residual bacteria could not be quantified due to the variable distribution of the rnicroorganisms. It was also observed that homogenization resulted in the destruction of detrital fragments and damaged many of the sand grains. Large numbers of sand fragments from the homogenized sample were present on the filters on which the bacterial counts were performed.
Ultrasonication proved to be destructive; while there was an increase in the number of suspended bacteria during the first 5 min, organisms were simultaneously being destroyed. This was indicated by the decline in bacterial numbers as treatment continued beyond an equilibrium reached between yield and destruction after 5 rnin of ultrasonication (Fig. 1) . The loss caused by destruction was measured by ultrasonication of the natural suspension of bacteria (Fig. 3) and it appeared to be due to ultrasonic vibration alone as the presence of sand did not significantly alter the results at the 5 % confidence level when this was tested.
Treatment by ultrasonication should be kept to a minimum because of its destructive nature. Ultrasonication for 2.5 min yielded 98 % of the bacterial count obtained from 5 rnin of treatment (Fig. 1) and the shorter treatment proved similarly optimal in a number of preliminary experiments. The graphs of yield and destruction by ultrasonication are combined in Fig. 4 , and values of the yield corrected for loss by destruction are included. From Fig. 4 it is possible to estimate a correction factor to convert bacterial counts to the approxi- mate number originally attached to the sediment. At 9 rnin the curve of the yield corrected for loss appears to have attained its asymptote and the results obtained after optimum treatment are increased to this level when multiplied by a factor of 1.44. These experiments thus indicate not only that ultrasonication is more effective than homogenization in extracting formalin-fixed attached sedimentary bacteria, but also that subsequent bacterial counts need careful evaluation and correction for losses caused by damage during extraction. The correction factor pro- (1982) . The relative significance of necessarily b e applicable to s e d i m e n t s from other environments. However, in m a g n i t u d e it highlights t h e e x t e n t to w h i c h direct counts n e e d to b e adjusted to reflect actual n u m b e r s attached to t h e s e d i m e n t u n d e r study.
